In biomechanical joint-motion analyses, the continuous motion to be studied is often
Introduction
The representation of spatial, rigid-body movement is an important aspect in studies of human joint motion. Next to position vectors and attitude matrices or Euler rotation angles, the helical axis or screw axis concept has acquired considerable popularity for characterizing in-vitro and in-vivo joint movement, due to the fact that it provides a better insight in the relation between kinematics and joint anatomy.
Using this concept, the spatial motion of a rigid body is considered as the combination of a translation along and a rotation about a line in space, the so-called Instantaneous Helical Axis (IHA). The motion pattern of a continuously moving rigid body is completely known once the translational and rotational velocities at, and the position and direction of this IHA are known as functions of time.
In experimental situations, however, the continuous movement to be studied is often approximated by a sequence of finite displacements, and the Finite Helical Axis (FHA) for, each displacement step is estimated from position measurements on a number of anatomical or artificial landmarks. For sufficiently small increments, it is then assumed that the represent address: TNO Leather and Shoe Research Institute, Waalvrijk, The Netherlands.
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However, when motion increments are small, the position and direction parameters of the FHA are extremely error prone, in particular when the experimental configuration is not optimal. The relationship between measurement errors and FHA errors, depending on the experimental configuration, was investigated by Woltring et al. (1985) , using a theoretical isotropic error model, and by de Lange et al. (1989) , using a kinematic laboratory model. Woltring and Huiskes (1985) suggested that in these cases where the FHA parameters were ill-determined, the precision could be improved using smoothing (or filtering) techniques to separate signal from noise in the measured data. These possibilities were demonstrated relative to a theoretical analysis using Monte Carlo simulation of measurement errors and a Fast Fourier Transform (FFT; Hatze, 1979 Hatze, , 1981 smoothing procedure.
The objective of the present investigation was to study the effects of smoothing on the FHA position and direction precision experimentally. For that purpose, a kinematic laboratory model was used, in which rigid body motions can be precisely prescribed, hence the FHA parameters are known a priori. Measurements of landmark displacements were taken with Roentgenstereophotogrammetry (Selvik, 1974; Blankevoort et al., 1988) . In addition, experimental results from carpal motion measurements in a wrist-joint specimen (de Lange et al., 1985) were analyzed. Two different smoothing procedures were applied-the QSUT procedure developed by Utreras (1980 Utreras ( , 1981 , and the GCVSPL-procedure developed by Woltring (1986) , based on the earlier work of Lyche et al. (1983) . The QSUT-procedure uses optimally regularized cubic and quintic natural splines and a fast approximation of the so-called Generalized Cross Validation (GCV) criterion (Craven and Wahba, 1979; Woltring, 1985) . Underlying assumptions for this procedure are that the measurement data are equidistant in the independent (time) variable, and that the coordinates have equal and uncorrelated noise variance.These conditions, however, are not met in the practice of Roengenstereophotogrammetric measurements (de Lange et al., 1989) . The GCVSPL-procedure uses variable-order splines and can work with nonequidistant and nonequally weighted data points (Woltring, 1986) .
The landmark displacement data, measured from the kinematic laboratory model and the wrist-joint specimen were analyzed, comparing nonsmoothed and smoothed FHA results. The number of samples and the sampling interval were varied and their effects evaluated. The influences of nonequidistancy and noise invariance in the measurement data were studied as well.
Methods and Materials
Kinematic Laboratorium Model. In order to produce controlled rigid-body displacements, a specially constructed test frame was used, also used earlier to evaluate error relationships in FHA descriptions (de Lange et al., 1989) . In this test frame ( Fig. 1 ) a glass cube provided with 8 isotropically distributed tantalum markers (0.8 mm diameter) could move around a fixed rotation axis. The effective radius of the marker distribution de Lange et al., 1989 ) was 7.07 mm which is comparable to those in wrist-joint motion studies (de Lange et al., 1985) . The glass cube was placed in the test frame in such a way, that the landmark center of gravity was located on the rotation axis. Using a protractor mounted on the frame, the cube was moved in a circular pathway around the fixed rotation axis, or helical axis, in 179 steps (180 positions) of about 1 degree each. The amount of rotation was applied under visual control, which implies that the magnitude of the sequential rotation steps was constant within certain limits (±10 percent). In each position of the rigid body, the positions of the landmarks were reconstructed using a roentgen-stereophotogrammetric (RSA) system (Selvik, 1974) .
The experimental configuration, which was the same as applied in motion studies of the wrist joint (de Lange et al., 1989) , consisted of a cassette holder, a reference plate, and two roentgen tubes, the latter of which were 1 m apart and 1.2 m from the photographic cassette. The rigid body in the test frame was placed at approximately 0.1 m in front of the cassette and the rotation axis was oriented into the .^-direction, perpendicular to the photographic cassette (Fig. 1) . In each position of the moving rigid body the landmarks were imaged on the photographic plates. Six roentgencassettes, routinely used at the Institute of Orthopaedics, were employed for the films. After a developing procedure, the photographs were digitized on a two-dimensional coordinate measuring table (Aristomat R mechanical digitizer) with an experimentally verified pellet image digitization repeatability between 10 and 20 urn (standard deviation per image coordinate; . The individual landmark coordinates were reconstructed with respect to a laboratory coordinate system via photogrammetric triangulation for each pair of stereophotographs. The photogrammetric reconstruction errors of the landmarks has Fig. 1 The roentgen-stereophotogrammetric setup with testframe. Rotational displacements were generated via a protractor around axis 1, oriented in the ^-direction and perpendicular on to the roentgen cassette. The landmarks of the moving rigid body were imaged by two roentgen tubes.
standard deviations of about 100 /xm in the ^-direction, and of about 20 jum in the y-and z-directions (de Lange et al., 1989) .
The landmark coordinates of each data set were subjected to the QSUT and GCVSPL smoothing procedures. With respect to the use of GCVSPL the data were processed in the "multiple processing mode," with uniform weighting over time, and weight factors per coordinate which were inversely proportional to the variances of the landmark coordinate errors. The multiple processing mode could be used, since in a pilot study similar courses of GCV functions (and similar N a values) were found for the position data in each data set used. In the QSUT method, the position data were weighted uniformly, in accordance with properties of the method, and regularization was performed independently for each coordinate. In general, the independent variable of the input to these procedures would be time. In the present situation, the applied helical rotation was used instead. For the GCVSPL procedure the "time" points were defined as the accumulated, helical rotations estimated from the (nonsmoothed) data. For the QSUT procedure this was not required through the assumption of equidistancy in the sampling intervals.
Following the smoothing procedure, the distances in each direction between the noisy and smoothed coordinates of each tantalum pellet were calculated and, in addition, an average distance over all 8 pellets was determined.
In the underlying signal, the y-and z-coordinates follow a circular path. In order to investigate signal distortion in the nonsmoothed and smoothed cases, the y-z coordinates of each sampled tantalum pellet in the glass cube were fitted by a circle preceeding and following the smoothing procedure. The distances between the actual y-z coordinates of the pellets and the fitted circle were calculated and plotted as function of the position number in each case. In addition, the rms distance (6 rms ) between thty-z coordinates and the circle was calculated.
In both the nonsmoothed and the smoothed cases, the helical parameters were determined for each rigid-body displacement. For this purpose, a rigid-body model was fitted to corresponding sets of landmarks between subsequent positions of the moving body, and for each rotation step a rotational matrix and a translation vector were computed. On the basis of these results the FHA parameters were determined, using Rodrigues' formula (Selvik, 1974) .
In order to study the influence of the number of samples (positions) on the smoothed results of the helical axis parameters, three data sets with different amounts of samples were selected from the measured landmark data set, maintaining the sequential motion steps of 1 degree. These numbers were 80, 40, and 20, respectively. To investigate the error dependence of the helical parameter estimates on the size of the sampling interval (the rotation step magnitude), three appropriate subsets of the complete data set were taken. Each of these subsets contained coordinates of landmarks in 40 rigid-body positions, but with different (sequential) rotation step magnitudes; two subsets with equidistant rotation steps of respectively 2° and 3° and one subset with nonequidistant rotation steps of 1°, 2°, and 3°, in the sequence of 1°, 2°, 3°, 3°, 2°, 1° etc. with an average of 2°. Hence, seven data sets were available in total containing: To provide an indication of the precision of the FHA estimation procedure, the dispersion of the FHA's was calculated, with respect to a Mean Helical Axis (MHA). First, a mean rotation "pivot" of all FHA's, defined as the point with the smallest rms distance D s to the FHA's was calculated. The Rvalue was taken as a measure for the error in the helical position estimation. Subsequently, the optimal direction vector of the MHA was defined through this pivot by minimizing the rms values of the sines of the angles between the MHA and the FHA's. Herewith, the angular dispersion x n is defined as the arcsine of this rms value. Its value was taken as a measure for the error in the helical direction estimation.
Wrist-Joint Experiment. The radius and carpal bones of a 42 yr old male cadaver specimen were implanted with 4 to 6 tantalum pellets (0.5-1 mm diameter) each. The measurement system was the same as described above. The radius was mounted rigidly in the motion apparatus, and the hand was moved "smoothly" from dorsal to palmar flexion in 39 motion steps of about 4 degrees each (de Lange et al., 1985) . The hand was approximately 0.1 m from the cassette and the motion plane was parallel to the cassette. In each position of the hand, the carpal bones and the tantalum pellets were imaged on the film by both roentgen tubes. The photographs were measured and the positions of the individual carpal bones were reconstructed. The reconstruction errors were found to be 60 jim in the x-coordinates, and 30 /mi in the^-and z-coordinates. The helical parameters associated with the lunate were calculated for each motion step, before and after smoothing, by means of the QSUT and the GCVSPL procedures. In each smoothed case, the mean values of the filtered "errors" in the coordinates of the 4 landmarks in the lunate were calculated.
Results

Kinematic Laboratory Model.
In Tables 1 and 2 , the errors in the helical position and the helical direction, respectively, are shown for nonsmoothed and smoothed landmark coordinates, and variable amounts and values of motion steps. The values found for the nonsmoothed data are similar to those in the earlier study (de Lange et al., 1989) . Evidently, by the use of the smoothing techniques, the errors in both parameters are reduced, in all cases. In the case of equidistant motion steps of 1 degree, the errors calculated from the nonsmoothed marker position data are in the order of 2000 /*m (helical position), and 11.5 degrees (helical direction). In contrast, these errors are reduced to value ranges of 33-74 /xm and 0.08-0.83 degrees in the smoothed cases, i.e., 27-61 and 15-149 times as small. As an example, the FHA's associated with the nonsmoothed and GCVSPL-smoothed dataset of 40 positions (1 degree motion step) are shown in Fig. 2 , as projections onto the xz plane and as intersections with the yz plane and two additional planes. In this case, the helical postion error is reduced from 2019 ^m to 74 /xm and the helical direction error from 11.48 to 0.12 degrees.
A lower amount of samples (positions) to be smoothed results in practically equal error values in the helical position and direction. Only in the case of 20 samples, the helical direction error increased for both smoothed cases, whereas the helical position error remained practically unchanged.
In the 1, 2, and 3 degrees rotation-step cases the reduction in the helical position error by smoothing amounts to factors of 29, 17-23, and 11, respectively, and with respect to the helical direction error, to factors of 97-115, and 15-36, and 8-16, respectively. Hence, in a relative sense, the effect of smoothing increases with decreasing rotation-step magnitudes. It is also evident that by increasing the (equidistant) rotationstep magnitude, the errors in both helical parameters are reduced in the nonsmoothed case, as expected de Lange et al., 1989) . In the smoothed cases, the (reduced) error in the helical position is hardly influenced, whereas the helical direction error is increased slightly for QSUT and remained virtually identical for GCVSPL.
In the case of nonequidistant rotation steps, the GCVSPL procedure is preferred. With this method, the errors in the helical position and direction are found to be 22 and 27 times as low as in the nonsmoothed case. In Table 3 , the mean values of the filtered errors per coordinate in each data set are shown. In general, the values of the eliminated errors are close to the measurement error values, calculated for the RSP system. Obviously, since the x-coordinates are subjected to the highest measurement errors, the filtered errors in this direction are larger. In the case of a variable rotation-step magnitude, the QSUT procedure effects in higher error filtering in the y-and z-coordinates, than in the x-coordinate.
With regard to signal distortion aspects, the calculated distances between the actual y-z coordinates of one, arbitrarily chosen, pellet and the associated fitted circles as a function of the position number are shown in Fig. 3 , in case of the equidistant 1 degree motion-step case and the nonequidistant 2 degree motion-step case. In the equidistant 1 degree motionstep case, the nonsmoothed y-z coordinates are more or less randomly distributed around the underlying circle (signal) with a rms distance (5 rms ) of 17 nm. After smoothing with QSUT and GCVSPL the rms distances were reduced to 2 ixxa and 1 fim, respectively. Hence, in both smoothed cases, the y-z coordinates follow a circle. Similar results were found in all other equidistant motion-step cases. In the nonequidistant 2 degrees motion-step case, only GCVSPL-smoothing results in a circle (<5 rms ' = 2 jtm), whereas QSUT-smoothing produces considerable distortion (5 rms = 22 pm).
The GCV value of the GCVSPL procedure, as a function of the number of effectively estimated parameters N a (c.f., Woltring, 1986 ) was plotted for each dataset. As an example, the GCV function associated with the 180 position dataset (9 = 1 degree) is shown in Fig. 4 . In this example, the minimal GCV value is located atN a = 8.5 and the position and direction dispersions are found to be 34 pm and 0.08 degree at this GCV minimum. For smaller values of A^ there is a strong increase in the GCV function. This is caused by the fact that leastsquare fitting of a parabola to the full 180 degree sinusoidal arcs subtended by the y-and z-coordinates, as functions of the rotation step, is inappropriate. From N a > 8.5 the GCV function slowly increases, which corresponds with a constant residual variance between the raw and the smoothed data, indicating the white noise nature of the measurement errors. It appears (Fig. 4) that the helical parameter errors (D s and X") attain minimal values at N a = 4.5. For this value, some "oversmoothing" occurs. Similar tendencies are found in the GCV functions of the other data sets. In these cases, which contain lesser amounts of samples and/or increased sample intervals, the GCV minima were found at lower N a values (4.0-5.0) than in the 180 positions case.
Wrist-Joint Experiment. With respect to the wrist-joint motion experiment, the filtered error values were almost equal for each landmark and after both smoothing procedures. As an example those associated with QSUT are shown in Table  4 .
In each (smoothed and nonsmoothed) case, a bundle of 38 FHA's was obtained. For visual interpretation, the FHA's are plotted as projections on the two coordinate planes (Fig. 5 ) and as intersections with the major plane of motion and two additional planes parallel to their major plane (Fig. 6) .
The helical axes as obtained without smoothing show a rather random bundle of FHA's, which cannot be related to the assumed smoothness of the carpal bone motions: an assumption which is based on the smooth Euler rotation results found previously (de Lange et al., 1985) . By smoothing, consistent FHA patterns are obtained, representing a relatively smooth continuous motion pathway.
Slightly different FHA patterns are found with the two smoothing methods. These differences can be related to the nonequidistant character of the motion steps (samples) of the lunate, which are correctly accounted for in the GCVSPL procedure. Although the hand was incrementally moved with, approximately equidistant motion steps of 4 degrees, the lunate underwent smaller and variable motion steps, throughout the total motion range. In two parts of this range (near to the start and near to the end) the motion steps were strongly nonequidistant (0.5-2.0 degrees and 1.5-3.0 degrees, respectively), whereas in the remaining parts they were less variable (1.5-2.0 degrees).
The motions of the lunate during flexion of the hand are not strictly planar. This was already described earlier , and is readily seen from the FHA patterns. It appears that the FHA's cross each other in a relatively small region. To describe the global characteristics of the FHA pat-terns, a "pivot" point P, with the smallest rms distance (D) to he FHA's, relative to the reference coordinate system in the radius was defined. In addition, the direction n 0 of the MHA through this pivot point and the angular dispersion x between this MHA and the FHA's were determined. Using the same algorithms as used in the previous experiment with the laboratory model, these parameters were calculated for the nonsmoothed and smoothed cases (Table 5 ). The pivot was found to be located in the lunate body, approximately at the same position in all the three cases. The pivot modeling the smoothed cases, however, is better than in the nonsmoothed case (D = 3 mm versus D = 1.5-1.9 mm).-In all cases, the MHA is directed almost parallel to the x-axis or flexion axis and the dispersions around the MHA are slightly reduced in the smoothed cases.
Discussion
In the present investigation the coordinates of 8 isotropically distributed landmarks of a moving rigid body were roentgenstereophotogrammetrically obtained in subsequent positions. The measurement errors in the coordinates were not equal in all directions, which is a common feature of the RSA system (Selvik, 1974; de Lange et al., 1989) . In such a system, the highest errors appear in the direction towards the foci, and they usually have a standard deviation of approximately 60 urn Blankevoort et al., 1987) . In the present study, however, a value of approximately 100 nm was found for these errors. The cause for this increase was some bending of the cassettes, by which deviations from ideal flatness of the image planes were introduced. As a consequence, (small) systematic errors were created. These errors, however, kept their random nature since the cassettes were randomly used in the experiments.
In the nonsmoothed case, the measurement errors cause errors in the helical axis positions and directions which are even aggravated by smaller rotation step magnitudes (Tables  1 and 2 ). These findings are in accordance with theoretical predictions of Woltring et al. (1985) and with experimental results of de Lange et al. (1989) .
By both smoothing procedures investigated in this study, the small-angle noise effects could be effectively diminished. This result is enhanced by taking more than 20 samples of the rigid-body motion to be studied.
In the equidistant case, both smoothing methods result in equal effects with respect to the FHA precision. Apparently, although isotropic features of the measurement errors are preassumed in its method, QSUT can handle nonisotropically distributed measurement errors to some extent.
Differences between the ultimate effects of both smoothing methods on the helical position and direction errors were noticed in the case of nonequidistant sampling (and nonisotropic distributions of measurement error). In this case the GCVSPL procedure in quintic spline mode is superior, since this method, unlike the other, can handle both requirements. For GVCSPL, the error reductions amounted to factors 22 and 27, for the helical positions and directions respectively. Using QSUT, error reduction was less, coupled with considerable signal distortion (Fig. 3) .
In the smoothing methods used, the underlying motion signal is considered to be low-frequent, and noise in the landmark measurements is assumed to be additive, having both low and high frequency properties ("white noise"). Under these conditions and conditions of equal sampling and equal weighting of data points, optimal smoothing via GCV can be interpreted as selecting that particular cut-off frequency at which the power spectrum of the raw data becomes constant with frequency, for increasing frequency. For data sets with relatively large numbers of samples, for instance N = 180 positions (see Fig.   4 ) only little signal loss is present, since the cut-off frequency selected by GCV is rather high. In this case, some oversmoothing (up to N a = 4.5) would be acceptable since the helical position and direction errors attain their minimal value at a smaller cut-off frequency than calculated by GCV. However, relatively much low-frequency signal will be lost in the region 4.5 < N a < 8.5, but this loss has obviously less influence on the helical parameter error sensitivity than the measurement errors (noise) which passed the filter. This can be explained by the fact that the error sensitivity of both helical parameters are largely determined -by the derivative (velocity) domain of the signal (position).
With a decreasing number of samples (down to N = 20 positions), the cut-off frequency decreases, by which relatively more signal loss is incurred. Likewise, signal loss seems to have less effect than noise reduction in these cases. Interestingly, in the literature a minimum number of about 40 samples is suggested for a proper use of the QSUT procedure (Utreras, 1980 (Utreras, , 1981 Woltring, 1985) . In the present investigation, however, smoothing 20 samples produced considerable noise reduction and reliable estimates of the FHA's.
With respect to the wrist-joint results, the application of the two quintic-spline methods results in smooth FHA patterns, which corresponded better with the smoothly prescribed motion path of the hand, than the FHA pattern in the nonsmoothed case. Small differences between the smoothed FHA patterns were noticed which can be explained by nonequidistant increments in some parts of the lunate motion (Figs. 5 and 6).
Four parameters (pivot positions and its dispersion D, MHA direction and its angular dispersion x) were introduced to characterize the FHA patterns. The pivot positions and MHA directions were approximately the same with and without smoothing, whereas D and x were reduced by smoothing. In the interpretation of these findings, in respect to the glass-cube experimental results, some care must be taken. In the glasscube experiment, the rigid-body motion took place about a fixed helical axis. In this case deviations of the FHA directions and positions were due to measurement errors and small-angle effects only. In the case of the lunate, this bone moved around helical axes which continuously changed in position and direction during flexion of the hand. Thus, the calculated dispersion of the FHA's around the MHA and the position dispersion from the mean FHA position (pivot) are partly due to the lunate motion characteristics themselves.
It was shown earlier (de Lange et al., 1989 ) that when effective landmark radii are relatively small in an experimental setting, such as in the carpal bones, the evaluation of FHA patterns for small motion steps yields unacceptable results because of error propagation characteristics. It can be concluded from the present study, that smoothing the measured data produces acceptable results also in this case. Both smoothing methods used were generally adequate for this purpose. However, were strong nonequidistant sampling and/or (strongly) anisotropic measurements errors occur, a smoothing method accounting for these characteristics, such as the GVCSPL-procedure, is to be preferred.
